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A THERMOCHEMICAL GAS ANALYZER FOR CONTINUOUS
DETECTION OF OXYGEN

G. P. Tsyplyatnikov and V. B, Aleskovskiy

The thermochemical method of detecting the concentratlon of
oxygen 1in gases 1is, as 1s well known, based on measuring the thermal
effect (temperature) of the catalytic oxldation which occurs on an
active catalyst bathed in the gas to be analyzed. In dolng this,
measuring the temperature of the catalyst is done elther with a
thermocouple inserted in a layer of the catalyst [1] or by two resist-
ance thermometers connected in a bridge circuit [2]. One of the
thermometers 1s placed in a chamber filled wlth the catalyst and the
other — a compensating one — 1n a chamber with an lnactive mass,
The indicating Instrument 1s graded in percentages of oxygen.

One of the newest and most perfect automatic instruments of the
indicated type is the TKhG-5 gas analyzer [2, 3]. A catalyst working
with a pre-heat of 120-130° is used in this instrument. The gas
analyzer has a scale from O to 1.0% 0, and 1s intended to detect
oxygen in electrolytic hydrogen. The instrument uses 220 v a~c from
a voltage regulator. The flow rate of the gas to be analyzed is 1

1/min at a pressure of 0,4-1 atm on entering the instrument. The
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instrumentt's time constant 1s 2 minutes with an error of + 10% of the
maximum scale readlng,

In research on flameless burning of hydrogen on a platinum and
iridium platinum thermocouple done by the authors of the present
article [4], they concluded that it would be possible to use a burner
of simple construction for continuous detection of oxygen in gaseous
mixtures. The principle of the burnerts action consists in the
following: by virtue of a catalytically actlve thermocouple placed
over the opening of a tube whence a stream of hydrogen lssues into
a stream of gas contalning oxygen, spontaneous flameless ignitlon of
the hydrogen 1s excited and in this process the electromotive force
originating because of the heat of the reaction 1s changed propor-
tionally to the concentration of oxygen. But at an ordinary tempera-
ture the steady flameless burnlng of hydrogen occurs when there 1s
8-10% oxygen in the gas, but at lower concentrations because of the
decrease 1in the quantity of heat developed durlng combustion 1t becomes
unsteady and ceases,

The present work ls devoted to studylng the possibllity of using
flameless combustion of hydrogen on a catalytlc thermocouple for the
continuous measurement of concentrations of oxygen less than 10% by

carrylng out the process at an increased temperature.

Experimental Section

The speclal burner shown schematlcally 1n Fig. 1 was constructed
for setting up the pertinent experiments,

On metalllc base 1 1s fixed porcelaln column 2 bearlng ceramlc
drum 3. In grooves in the drum is placed the heating coil 4 and its
ends led out through insulator 9. Through the central aperture 1ln the

column porcelain tube 5 1s passed to deliver hydrogen; on the upper
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end of the tube are affixed insulators 6. On them are fastened the
wires of the platinum and iridium platinum thermocouple whose working
Junction 7 is placed 2-3 mm above the aperture of central tube 5
supplying hydrogen., Tube 5 of diameter of 2 mm has a bore of 0.5 mm.
The "cold" junctions of the catalytic thermocouple are led out for
0.5 mm from tube 5 and 1 mm below 1ts end. The arrangement of the
cold Junctlons at a sufflclently short distance from the working
Junction ensures lsothermal conditlons for all three Junctions of

the catalytic thermocouple when there is no flameless combustion. In
addition to that, when hydrogen 1s belng supplied and 1s burning
flamelessly on the worklng Jjunction a slimilar process cannot occur

on the cold Junctions, since diffusion of the hydrogen toward them,
i.e., counter to the flow of gas, ls inhlbited,

Leads 10 from the cold Junctions are led through insulators 11
and 12, On a level wlth the Junctions of the catalytlic thermocouple
1s allgned the Junctlon of chromel~alumlnum thermocouple 13 for measur-
Ing the temperature of the gas,

The gas to be analyzed 1ls led into the burner through tube 15
passed through the base and goes out of the burner through the upper
opening in glass envelope 16. The envelope about 50 ml in volume 1s
Joined to the base wlth the sealing nut 17 on a rubber gasket and 1s
provided with asbestos heat lnsulation covered on the outside by a
sheet metal box. The platinum and iridium platinum thermocouple (10%
iridium platinum) of 0.18 mm diameter wires was activated by an
earlier described method [4] under conditlons of flameless hydrogen
combustion on 1it.

The above described catalytic thermocouple setup afforded good

levelling of the temperature of its Junctlons and guaranteed an emf
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of practically zero in the absence of combustion. When the tempera-
ture of the gas changed in the 20~400° range the emf did not exceed
0.05 mv, and in the 150-300°C range equalled zero. Testing was by
measuring the emf with a millivoltmeter (class 0.5) while passing air
through the burner with a veloclty of 300 ml/min and varying the tem-
perature of the gas wlthin wide limits.

Fig. 1. Diagram of burner. 1)
7 ‘ base; 2) porcelain column; 3)

A ceramic drum; 4) heating coil;
| 5) tube supplylng hydrogen; 65
porcelain insulators; 7) working

& 9 Junction of the platinum and

0 , ] iridium platinum thermocouple;

3 i 7 18 8) "cold" Junctions of the

- Zili platinum and iridium platinum

thermocouple; 9) insulator of

leads from heating coll; 10)

leads from cold Junctions; 11

and 12) insulator of leads from

catalytic thermocouple; 13)

chromel-aluminum thermocouple;

14) insulator; 15) tube for

f dellvering a mixture of nitrogen

, ] i and oxygen; 16) glass envelope;

17) sealing nut; 18) heat insula-

i tion; 19) sheet metal box; 20)
outlet of tube supplying hydro-
gen.
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Flameless hydrogen combustion on the activated thermocouple
occurred spontaneously at a gas temperature of about 150° and above,
because of the oxygen 1n the alr, simultaneous with starting delivepy
of the hydrogen., At unchanged flow rates of the gases and tempera-
ture in the burner the emf had a strictly defined value. Study of
the Influence of heating the gas on the process of flameless hydrogen
combustion showed that with an increase in the temperature to 250-300°C

steady flameless hydrogen combustlon at slight oxygen concentrations
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(tenths of one percent) in the gas was observable. The below described
experlments were conducted at a gas temperature in the burner of

270°¢C,
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Fig. 2. Relationship of emf Fig. 3. Relationshlp of emf in

platinum and iridium platinum

lati d iridium plati
in platinum and i PLA U fhermocouple to oxygen content

thermocouple to hydrogen flow
in niltrogen mixture., Gas teme
rate on delivering air (20.8% 0,) perature in the burmer 2700,

to the burner. alr flow rate 300 ml/min at 20°
at hydrogen flow rate of 1) 1l4,.
and 2) 11.0 ml/min,

The hydrogen, oxygen, and nitrogen were supplled from tanks and
thelr flow rates were measured with rheometers. Tne streams of nitro-
gen and oxygen were directed into a mixer, from which they entered the
burner. The oxygen concentration ln the mlxture was determined by
volumetric gaseous analyslis on a VII apparatus. The samples were
taken out wlth a three-branched pipe attached to the burner.

In order to determine the relationship of catalytlc thermocouple
emf to the oxygen content in the stream of gas 1t was necessary to
secure a constant supply of hydrogen during the whole experiment. By
using hydrogen from a tank at a pressure of 100-150 atm we were succesge-

ful in regulating the flow rate of the hydrogen by the rheometer with
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sufficient accuracy with a two=-stage reducer. The required value of
the hydrogen flow rate was selected empirically. Figure 2 shows the
empirically found relatlonship of catalytic thermocouple emf to the
hydrogen flow rate when air (20.8% 02) 1s being supplied to the burner
and the gas temperature therein is 270°C. Increasing the hydrogen
flow rate to 17.2 ml/min caused the hydrogen to burst into flames in
some cases; therefdre the hydrogen flow rate was decreased to 14.4
ml/min In order to derive the relatlonship of the emf to the oxygen
concentration., The results of the experiments are shown 1in Fig. 3
(curve 1). When oxygen-containing mixtures with a concentration of
less than 1% 0, were delivered to the burner, flameless combustion
did not proceed completely steadily. For example, after purgling the
burner with nitrogen free from oxygen, when a mixture of 1% 0, and

99% N was dellvered, flameless hydrogen combustion on the thermocouple
did not start up, whlch was ascertalned by the absence of an emf, 1i.e.,
the instrument did not "feel" the slight concentrations of oxygen.
This was explained by notlng that the assigned hydrogen flow rate

was too great and with a low oxygen concentration in the gas did not
provide a sufficient influx of oxygen to the surface of the catalytic
thermocouple, for thls Influx was belng accomplished by diffusion of
the oxygen through the stream of hydrogen bathing the working Junction
of the thermocouple. Therefore the flow rate of the hydrogen was
lowered to 11 ml/min, In this case, when alr was supplied to the
burner the emf amounted to 7.3 mv., For the glven hydrogen flow rate
the relationship of the catalytic thermocouple emf to the oxygen con-
tent was derived (Flg. 3, curve 2). Steady flameless hydrogen com~
bustion was observed at oxygen concentrations of 20.8 to tenths of

a percent (by volume). The graph shows that at this hydrogen flow
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rate the greatest sensitivity of the thermocouple to a change in the
oxygen concentration was observed in oxygen content in the gas of up
to 6%. A change in the emf of approximately 0.9 mv corresponded to

a change in the oxygen concentration of 1%. At oxygen concentratlons
from 6 to 10% the change in the emf for each 1% 0, amounted to about
0.3~0.4 mv,

When nitrogen-oxygen mixtures wilth higher oxygen content were
passed throughythe following became clear. With a hydrogen flow rate
of 14.4 ml/min and an oxygen content of 20.8% in the gaseous mixture
the catalytic thermocouple emf reaches 9.1 mv, Dellvery of mixtures
enriched to 40% 0, caused bursting into flames, 1.e., volumetric con-
version of the reaction. But at a hydrogen flow rate of 11 ml/min
an emf of 7.3 mv corresponded to a 20.8% 0, concentration and railsing
the oxygen content in the mixture right up to 95% (by volume) did not
cause the hydrogen to burst into flame. But when the oxygen concen-
tration was raised above 21% no increase 1n the emf was observed at
the prescribed hydrogen flow rate, which indicated an insuffilclent
iInflux of hydrogen to the Junctlion of the catalytic thermocouple.
Thus, the hydrogen flow rate is an important factor, on which the
sengltlvity and accuracy of detectlon of the oxygen concentration by
the emf of the catalytlic thermocouple depends.

On studying the relationship of the value of the emf of the
platinum and irldium platinum thermocouple to the temperature of the
gas medlum in the butner 1t was ascertained that in unchanged flow
rates of hydrogen and oxygen-containing gas measured at 20°C and con-
stant concentration of oxygen in the mixture, a certaln decrease in
the emf takes place wilth the rise in temperature, The reduction in

the incandescence of the working Jjunction of the catalytlic thermocouple
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may be observed visually.

The observed effect of gas tem-

n

E perature on the intensity of flame-
P
" S~ ‘ less combustion and on the value
o,
h of the emf of the catalytic thermo-
’ g 00 2on 300 400
Temperature, °C couple is possibly caused by the

Fig. 4. Relationship of emf change in the velocltles of flow
of platinum and lridium platinum
thermocouple to temperature of of the hydrogen and oxygen-con-
gas in burner., Hydrogen flow
rate 14.4 ml/min, alr flow rate taining mixture, or 1s connected
(20.8% 0z) 300 ml/min.
with partlal volumetric conversion
of the reactlon.
A workling device as a model of an automatic gas-analyzer for
oxygen was bullt and tested on the basls of the experimental data.
The meter of the gas analyzer 1s schematlcally represented in
Flg. 5. In order to curtall heat logses the meter is enclosed 1n a
glass envelope made like a Dewar flask and hermetically sealed to its
base, At a constant flow rate of gas contalning oxygen entering via
tube 10, and at a prescribed flow rate of hydrogen entering fthrough
tube 8 with the temperature of the gaseous medium in the element at
250=300°C there appears steady flameless hydrogen combustion cn the
working Junction of the catalytlcally active platinum and iridium
platinum thermocouple fixed 2-3 from the end of tube 8, and in this
process the emf of the thermocouple 1ls proportlional to the oxygen
concentration in the gaseous mixture. The cold Junctions of the
catalytic thermocouple are made of 0.15 mm wire located 2-3 mm below
the end of the tube from which the hydrogen comes, so that when there
is no combustion they have the same temperature as the working junction
and the emf equals zero. Therefore the emf which appears in flameless

hydrogen combustion as a result of increasing the Jjunctlion temperature
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Fig. 5. Meter of the gas ana-
lyzer. 1) base; 2) sealing nut;
3) sealing gasket; 4) envelope
with double walls with vacuum
between them; 5) chromel-aluminum
thermocouple; 6) cold Jjunctions
of platinum and iridium platinum
thermocouple; 7) working Jjunctlon
of platinum and iridium platinum
thermocouple; 8) tube for supply-
ing hydrogen; 9) heating coil;

10) tubes for supplying and
exhausting gas from the element,

because of fhe heat of chemical reaction under constant conditions

depends only on the oxygen concentration.

Flg. 6. Over-all diagram of
setup for continuous detectlon

of oxygen concentration in gas.
1) meter; 2) chromel-alumlnum
thermocouple; 3) tube for deliv-
ery of hydrogen; 4) Jjunction of
platinum and irldium platinum
thermocouple; 5) tube for deliv-
ery of gas to be analyzed; 6)

gas exhaust tube; T7) gas flow
regulator; 8) valve for initiat-
ing delivery of alr or gas to be
analyzed; 9) gas blower; 10)
hydrogen tank; 11) reducer; 12)
heating coll swiltch; 13) three-
pole switch; 14%) indicating
device (millivoltmeter); 15) con-
stant resistance of manganin wire.

Figure 6 shows the laboratory setup for continuous detection of
the oxygen content of a gas. The meter, the indicating device, and
the electrical control system are assembled in a 300 x 180 x 60 mm
Thie

wooden cabinet, Pigure 7 shows lts exterlor view with controls.
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feed of the heatling coil of the
element 1s d-c with a voltage of
about 30. The heating current was
checked 1n 1ts voltage drop across
resistance 15 (Fig. 6) with indica-
tor 14 (a millivoltmeter of 12 mv)
with 1ts dial marked 1n volts,

Alternating current ls also sultable

Fig, 7. View of cabinet of

meter and controls., 1) body of for supplylng the device; 1in that
case; 2) gas dellvery; 3) switch

handie;)4) indicating,de%ice case a transformer and ammeter
ggi%iizoiggitignggcig;mgg5kgéb setup 1s necessary in additlon,
for switching the millivoltmeter
to measure the voltage on the
heating coll, temperature of
gas In the element, and oxygen
concentration; 7) knob of heat-
ing coll rheostat.

The gas to be analyzed was delivered
wlth a small air current through
a dliaphragm flow regulator. Hydro-
gen was delivered from a small tank
of 1 1 capaclty; 1ts flow rate was regulated by a two-step reducer.
When the device 1s activated alr is first delivered (air blower
turner on) and the heating coil 1s turned on with handle 3 (Fig. 7)
while the rheostat has been turned off by knob 7. Switch 6 1s put
on "temperature" and the indicating device 1s connected with the
chromel-~-gluminum thermocouple and its needle moves to the right as
the temperature of the gas In the meter rises., When the needle gets
to the check mark "T" the working temperature of 270° has been reached.
After this, switch 6 is put on "feed" and the voltage drop across the
coll 1s checked with the indicating device., By turning knob 7 of the
rheostat the needle becomes fixed at the lknmown working mark on the
voltage scale, After regulating thermocouple incandescence, switch 6
is put on "measure" and the needle of the indicator returns to the
zero mark on the scale,

=10~



Hydrogen is then delivered to the device by turning the handle
of the reducer on the hydrogen tank. In doing this flameless hydrogen

combustion is initiated on the catalytic thermocouple and the needle

of the indicator begins to move to the right. By regulating the supply
of hydrogen the need 1s fixed at the check mark "HS", The hydrogen
flow rate in thils process corresponds to that prescribed at the scale
marking. After regulating the hydrogen flow rate a turn of the valve
on the gas lead switches from air to the gas to be analyzed and the
indicator needle shows the percentage of oxygen in the gas. When the
device 1s functioning, periodic checks of the gas temperature in the
meter and regulation of the coill-heat are required, as was demonstrated
above. The flow rate of the hydrogen is also periodically checked

and regulated by dellvering alr to the device instead of the gas to

be analyzed, and 1n dolng thls the indicator needle must stop on the
check mark HS.

Mixtures of nitrogen and oxygen with a content of less than 10%
0> were obtalned by dlspensing nltrogen from the compresslon tank with
a rheometer into the air stream delivered by the blower. Along wlth
recording the readings of the indicator, gas samples are bled off
through the three-branched plpe for analysis on the VTI apparatus.

We may see from the graphs in Fig. 8 that steady flameless hydro-
gen combustion at a concentration of 1.8% 0, began when hydrogen was
delivered with a velcelty of 1.5 ml/min (point B on curve 1). An
Increase 1n the hydrogen supply at first caused an increase 1n the emf
of the catalytic thermocouple to a certain maxlmum value, and then a
decrease. The maximum value of the emf attalned by changling the
hydrogen flow rate at various concentrations of oxygen was the larger,
the higher the concentratlion of oxygen 1n the gas entering the meter,
With an oxygen content of 1.8%,increasing the hydrogen flow rate above
15 ml/min led to cessation of flameless combustion on the thermocouple
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(break in the curve at point C). This indicated that when the hydro-
gen flow rate 1s increased the access of oxygen to the surface of the
catalytic thermocouple is inhibited.

The optimum hydrogen flow rate 1s defined by the graphs of the
relationship of catalytic thermocouple emf to hydrogen flow rate at
various oxygen concentrations in the gas; and perhaps the millivolt-
meter scale 1s graduated according to the oxygen under the glven con-
ditions. Thus, from a comparison of the curves in Fig. 8 it 1s evident
that 1t is possible to measure oxygen concentration up to 10% by
assigning a hydrogen flow rate of not less than 2-3 ml/min and not
more than 15 ml/min. The nature of the dependence of thermocouple emf
on oxygen content in the mlixture becomes clear when graphs are con-
structed for thls dependence for several prescrlbed hydrogen flow
rates, as 1s shown in Fig. 9. The pertinent emf values are taken from
the graphs in Fig. 8. One of the derived curvesg corresponding to a
definlte hydrogen flow rate may be used as a calibration curve for

constructing the scale of the milllvoltmeter indicator.

B .:./o ————
g;- Fig. 8. Relationship of emf of
platinum and 1ridium platinum
it //”” TO—e— thermocouple to hydrogen flow
' rate. (Gas temperature in the
meter, 270°9C; gas flow rate,
ir 300 ml/min at 19°). Oxygen
'.—"—“—~- — content in mixture: 1) 1.8%;
o / 2) 5.0%; 3) T.3%; 4) 10.0%.
'y
i
2 ;,vh\
i \\e
A ‘
\
&A . , '
d J 4 /.‘7 2;7 _9;'

Hydrogen flow rate, ml/uin
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The magnitude of the flow rate

;: . /J, of the gas to be analyzed may be
////’_,__i. set within rather broad limits,

o / 1 beginning with 30-50 ml/min. To
2k . secure a sufflcilently rapld gas

, Aé: ; . _— exchange in the element, which 1s
Oxysen convent, % reflected in the time the device

Flg. 9. Relationship of cata- takes to react when measuring the

lytic thermocouple emf to
oxygen concentratlion 1ln gas.

1 dg?gg? i%?wsyafg ml/min; stream, it 1s expedlent to have a
2 .

oxygen concentratlion 1n the gas

somewhat larger flow rate of gas
analyzed, on the order of 200-500 ml/min. Table 1 shows the effect
of the magnitude of the flow rate of the gas to be analyzed on the
emf of the catalytic thermocouple, With 2% 0, in the gas an increase
in the flow rate caused a certaln lncrease in the emf, which should
be explained by the presence of excess hydrogen in relation to the
quantity of oxygen reaching the surface of the working Junction of
the thermocouple, whereas a decrease in the emf observed when the
flow rate 1s increased and contains 20.8% 0, 1s caused by limited
combustion because of the diffusion of the hydrogen, the amount of
which under these conditions obviously limits the combustion rate and
the heating of the catalytic thermocouple.

It was also ascertained that in great changes in gas flow rate
its temperature 1in the meter also changes somewhat, notwithstanding
the steadiness of the heatlng current. But, as the data in Table 2
show, thils effect is insigniflcant.

The satlsfactory stabllity of the gas stream rendering the above
indicated flow-rate fluctuation effect impalpable, is secured by the
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dlaphragm flow regulator developed in our laboratory, The principle

of action of this regulator is similar to the one described in the
literature [5].

TABLE 1 TABLE 2
Relationship of emf of Platinum Relationship of Gas (air) in
and Iridium Platinum Thermo- Element to 1ts Flow Rate When
couple to Flow Rate of Gas to Heatling Current is Constant
be Analyzed., (Temperature of (0.85 amp, 23 v) and to the
Gas in the Element, 257°; Hydro- Absence of Hydrogen and Flame-
gen Flow Rate, 14 .4 ml/min. less Combustion.

Flow rate of analyzed EMF of owtalytis thermow Ges flow rate, ml %0 | 180 300
)

gas at 20 C, ml/min, oouple, mv, tas texperature in o - .
On delivering & gasecus mixture somtaining 2,0% 0, metery °C

200 1415

220 1430

250 1445

280 1465

300 1,73

400 175

On delivering ein 2048% 0,

165 9470

240 9450

300 9430

350 9415

TABLE 3

Relatlionship of Gas Temperature in Burner to Voltage
of Heating Current. (Gas Flow Rate, 300 ml/min.)

Voltags, v 0 13 20| 22 | 23 25 | 268 | 29,5

[oas temperature, % 20 [170 | 237 | 257 | 270 | 202 | a1 | ss0

When determining the oxygen concentration in an oxygen~nitrogen
mixture when the oxygen content was changed within the limits from
1 to 10% and back by admixture of oxygen in the nitrogen stream, the
error in the instrumentts readings, determined by parallel analysis

of samples on a VII apparatus with + 0.1% accuracy, amounted to
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+ 0.3-0.5%. On the instrumentt!s scale marked off from O to 10% 02
thils corresponds to 5% of the maximum scale reading.

The limiting concentration which enables us to observe & dis-
placement of the instrumentts needle by 1 mm [sic] was approximately
0.2%. The calibrated hydrogen flow rate was 8 ml/min, the analyzed
gas flow rate was 300 ml/min, It took 5-10 min. to get the device
operational. The device reacted to a change in the oxygen content of
the analyzed gas after approximately 20 seconds, counting from the
moment of switching on the appropriate dispensing valve,

Among the merlits of the described method of detectlng oxygen
must be reckoned the relative simplicity of the unit and the feaslbill-
1ty of creating an instrument for automatically measuring the concen-
tration of oxygen over a rather wilde range of concentrations with
sufficlent accuracy of measurement and rapldity of reaction.

The demonstrated feasibility of constructing a meter capable of
functioning in a gaseous medium at temperatures above 200° also 1s
of practical lnterest.

When evaluating the possibllities of the described method we
should emphasize that a change in emf corresponding to 1% Oz in
mixture is sufficlently large (0.4-0.9 mv) and the emf can be measured

with great accuracy. However the sensitivlity and accuracy of measure-

ment of small concentrations of oxygen by the given method is determined

by the structural features of the meter and careful "tuning" of it,
and also by the accuracy in dispensing the hydrogen and 1lts steady
flow rate., There 1s reason to assume that the indicated method may
permit the obtalning of sensitivity and accuracy higher than those we
observed in the described model.

The method 1s appllcable for detectling oxygen in mixtures with
incombustible gases and vapors, but perhaps modified; and applicable
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to the detectlion of oxygen in some inflammable gases without using
hydrogen,

Concluslons

1. A working model of a thermochemlcal gas anaslyzer for con-
tinuous detectlion of oxygen in gaseous mixtures containing up to 10%
0z has been constructed and tested under laboratory conditions. The
action of the gas analyzer is based on using the relationship of the
emf of a platinum and iridium platinum thermocouple, on which flame-
less hydrogen combustion occurs at a temperature in the gaseous medium
of 250-300° because of the oxygen in the gas to be analyzed to the
oxygen concentration,

2., The research data may be used for developing an automatic
gas analyzer for continuous detection of oxygen directly in a stream

of hot gas,
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